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ABSTRACT 
The objective of this study was to compare effect of surface treatment and 
fatigue to the retention of zirconia crowns luted to two different heights of titanium 
abutments. Thirty titanium base 3.5 mm (n = 15) and 5.5 mm in height (n = 15) 
and thirty zirconia crowns were used. Group A (n = 10), 3.5-mm-height titanium 
base with no surface treatment; Group B (n = 5), 3.5-mm-height titanium base 
with surface treatment; Group C (n = 5), 3.5-mm-height titanium base with no 
surface treatment with fatigue test; Group D (n = 5), 3.5-mm-height titanium base 
with surface treatment and fatigue test. The identical group allocation was utilized 
to 5.5-mm-height titanium base groups, Group E, F, G and H respectively. All 
zirconia crowns and titanium abutments of the groups with surface treatment 
were particle abraded with 50 μm alumina. All specimens were subjected to a 
pull-out test. Data were analyzed with ANOVA and the Tukey HSD test. Pull-out 
retention forces for each group were: Group A: 288 ± 97.5 N, Group B: 198.71 ± 
		 vi	
82.94 N, Group C: 537.61 ± 80.13 N, Group D: 600.11 ± 27.23 N, Group E: 
240.68 ± 54.33 N, Group F: 270.92 ± 16.43 N, Group G: 707.03 ± 32.30 N, and 
Group H: 831.19 ± 55.50 N. Particle abrasion of the titanium base significantly 
increased zirconia crown retention. The height of the titanium base had a 
significant influence on retention force in particle-abraded groups. The fatigue 
test did not decrease retention force. 
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Chapter 1: Introduction 
1.1 Background 
Dental implant restoration has obtained acceptance in restoring teeth, and its 
long-term predictability is well reported as having a success rate over 93% as a 
single restoration (Buser, Mericske, & Bernard 1997). Fixed superstructure 
restoration is attached to an Osseo-integrated implant fixture either by luting 
cement or retaining screws. The screw-retained prosthesis has advantages 
including better derivability and mitigation of the risk of cement residue 
(Michalakis, Hirayama, & Garefis, 2003; Shadid & Sadaqa, 2012). Recently, the 
popularity of the two-piece-type implant restoration has increased due to its low 
cost and better esthetic success compared to the one-piece-type castable UCLA-
type abutment. Two-piece-type screw-retained single posterior implant 
restoration consists of a titanium base that connects to the implant and crown 
superstructure. Only limited research can be found on the retention of cemented 
zirconia copings over titanium abutments (Abbo, Razzoog, Vivas, & Sierraalta, 
2008; Ebert, Hedderich, & Kern, 2007; Nejatidanesh, Savabi, & Jabbari, 2014) 
1.2 Titanium-base: 
Commercially pure titanium or titanium alloy has been widely used as a titanium 
abutment material in implant therapy because of its well-documented 
biocompatibility and mechanical property. The American Society for Testing and 
Materials (ASTM) categorized commercially pure titanium and three titanium 
alloys (Ti-6Al-4V, Ti-6Al-4V extra low interstitial, and Ti-6Al-7Nb) into four grades. 
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(Cordeiro & Barão, “Titanium applications in dentistry,” 2003) Ti-6Al-4V alpha-
beta titanium alloy is the most widely used. 
The main differences among the grades are the concentrations of oxygen (0.18 
to 0.40 wt.%) and iron (0.20 to 0.50 wt.%). These differences in concentration 
have significant effects on physical and mechanical properties (Gosavi & 
Alla,2013) 
 
1.2 Luting agent 
No consensus exists on the optimal method to connect a zirconia structure to a 
titanium base. Furthermore, only limited data are available on the retention of 
computer-aided design and computer-aided manufacturing (CAD-CAM) zirconia 
crowns on titanium-based abutments. Surface treatment and the size of the luting 
gap may have a significant influence on the retention of zirconia crowns bonded 
to a titanium insert (Ebert, Hedderich, & Kern, 2007). The retention strength may 
be influenced by the type of superstructure material (Nothdurft et al., 2014). In an 
in vitro study (Ebert et al., 2007), two treatment methods of surface conditioning 
zirconia copings to resin-bonded titanium abutments were explored. 
Pretreatment by airborne-particle abrasion of the zirconia copings improved the 
two components’ retention of two-part abutments during water storage and 
thermal cycling. The results demonstrated surface treatment methods 
significantly enhanced retention forces. Nevertheless, resin-based cements 
composed of adhesive phosphate,10-methacryloyloxydecyl dihydrogen 
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phosphate (MDP), monomer appear to have a long-term stable bond to 
sandblasted zirconium oxide ceramic (Nejatidanesh, Savabi, & Shahtoosi, 2013). 
The cements are often “dual cure,” where the polymer chain cross-linking is 
initiated either chemically, by light, or both. The stability of the bonds of the resin 
cement to the zirconia is not well known. Various classes of composite resin 
cements used to bond zirconia copings and titanium bases were explored by 
Gehrke, Alius, Fischer, Erdelt, and Beuer (2014). Air abrasion of all specimens 
were completed. Subsequent to bonding, all test specimens were subjected to 
thermal cycling. Air abrasion of titanium bases and zirconia copings yielded 
stable adhesion enclosed within two-piece zirconia-to-titanium abutments. 
Variance was not statistically significant among the tested bonding materials. 
Sparse information is available regarding improving retentive forces by specific 
surface modification via mechanical conditioning or the application of surface 
treatment to positively augment long-term stability within clinical conditions. 
 
1.3 Fatigue  
Dental restorative materials are subject to intermittent forces during mastication. 
However, the lifetime estimation for dental prostheses also requires knowledge of 
the material’s susceptibility to fatigue mechanics, which can considerably reduce 
their strength over time. When materials are subjected to loading, as during 
mastication, they may fail at stresses below the ultimate tensile strength due to 
fatigue. Fatigue is a mode of fracture whereby a structure eventually fails after 
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being subjected to very small loads that small loads that would not damage the 
component. Dental restorations are placed in a complex environment within the 
oral cavity. They are subjected to various types of forces, stresses, and loads 
during function. Fatigue testing is a valuable procedure to evaluate dental 
material. 
 
1.4 Airborne-particle abrasion 
Several method has proposed to improve adhesion to zirconia. Nonetheless, no 
universally accepted protocol exists for zirconia to other materials adhesion. 
Airborne-particle abrasion has been advised for roughening the adhesive surface 
of zirconia. The variable parameters in airborne-particle abrasion are the grain 
size, pressure, distance from the tip of the nozzle to the specimen, and time of 
blasting. Gomes, Castillo-Oyagüe, Lynch, Montero, and Albaladejo (2013) 
reported that with particle sizes of 25, 50, or 125 μm, there is no difference 
between the mechanical retention of zirconia with resin cements, whereas 
another study concluded that 110 μm alumina particle abrasion under a pressure 
of 40 MPa obtained the highest strength of a titanium-ceramic bond. 
Sandblasting with alumina increases the monolithic zirconia surface area and 
increases the contact surface area between the resin cement and zirconia 
ceramics. This study suggests that airborne-particle abrasion with a mean 
particle size of 50 μm, 4 bar, and 20 s in both angles of incidence is effective for 
monolithic zirconia ceramics and for a strong and reliable bond with resin cement 
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(Moon, Kim, & Lee, 2016). Another study revealed that surface roughness was 
higher, at 50 μm Al2O3 (0.261 mm), than that of 30 and 110 μm Al2O3 particles 
coated with silica (0.15–0.195 mm) (Ozcan et al., 2013). As for zirconia 
sandblasting, there are two main concerns: the possible creation of surface 
microcracks and the activation of phase transformation from tetragonal to 
monoclinic, which can negatively affect the material’s mechanical properties. 
Some manufacturers do not recommend an alumina grain size greater than 50 
μm. Significant phase conversion appears to be caused by aggressive airborne-
particle abrasion increasing the monoclinic phase (Chintapalli, Marro, Jimenez-
Pique, & Anglada, 2013; Magne, Paranhos, & Burnett, 2010; Scherrer et al., 
2011). 
The highly oxidative nature of titanium is regarded as the main cause of poor 
strength of its bonds with materials. Several methods are available to increase 
the bond strength. One of the available methods is surface development by air-
borne abrasion with alumina oxide to ensure mechanical bond between the two 
materials. Particle abrasion of titanium base result in morphological changes. 
The commonly utilized parameter includes the arithmetic mean deviation of the 
Ra profile as two dimensional and Sa profile as three dimensional parameter. 
These are the most frequently used parameter roughness and considered the 
most significant.(Golebiowski, Wolowiec, & Klimek, 2015). 
 
		 6	
1.5 Statement of the problem 
Currently there are no evidence based clinical guidelines regarding retention of 
titanium base cemented to zirconia in relation to trans occlusal height and 
laboratory pre-cementation treatment protocols. 
1.6 Aim 
This research investigated how the airborne-particle abrasion and height of 
titanium abutment affect the retention force between zirconia crowns and titanium 
bases under static and after cyclic loading. 
1.7 Clinical significance 
The results of this research will suggest clinical selection of an optimal protocol 
for zirconia/titanium implant abutments cementation in the oral environment. 
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Chapter 2: Materials and Methods 
2.1 Materials 
Materials used in this study were zirconia crowns and prefabricated titanium 
bases. 
2.1.1 Zirconia crowns 
 
The zirconia crown was designed to simulate the mandibular second molar 
shape. A wax-up pattern was made on a wax sleeve (RC wax-up sleeve, 
Straumann USA LLC, Andover, MA, USA) with modeling wax (GEO classic wax, 
gray-opaque, hard, Renfert) as an 11-mm mesial-distal, 10-mm buccal-lingual 
width, and 9-mm height to fit the pull-out jig. The wax pattern was scanned (lab 
scanner D800, 3Shape) using computer-aided design software and milled 
(Zenotec mini, Wieland Dental + Technik GmbH & Co. KG, Pforzheim, Germany) 
from a Y-TZP disk (Zenoster, lot number T45963, Ivoclar Vivadent, Buffalo, NY, 
USA). The crowns were then fully sintered according to the manufacturer’s 
instruction. 
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Figure 1. Fabrication of zirconia crowns. a: Wax pattern. b: Zirconia crowns 
scanned and oriented to a zirconia disk for milling. c: Sintering 
 
 
Figure 2 Zirconia crown and titanium base 
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2.1.2 Titanium base 
 
Titanium bases (Variobase RC Straumann USA LLC, Andover, MA, USA) were 
both 3.5 mm (lot MR957; T1–T15) and 5.5 mm (lot MW911; T16–T30) in height 
and cylindrical in shape with rotational lock and four cams. The geometry of both 
titanium bases is shown in Figures 3 and 4. 
 
Figure 3 Geometry and dimension of titanium base (RC Straumann Variobase) 
 
Figure 4 Titanium base, 3.5mm and 5.5mm (RC Variobase Straumann) 
Titanium base 
dimensions mm 
Y(⌀Cams) 3.3 
W (⌀Chimney) 2.9 
Cement gap 0.1 
Z (wall 
thickness) 0.4 
X (minimal ⌀) 0.5 
3.5mm 5.5mm 
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2.2 Methods 
2.2.1 Specimen groups  
 
The test specimens consist of a total of 30 titanium-based abutments (Variobase, 
Straumann), 3.5 mm (n = 15) and 5.5 mm (n = 15) in height, and 30 custom-milled 
zirconia crowns. All titanium bases and crowns were numbered, titanium bases as 
T1 to T30 and zirconia crowns as C1 to C30, then divided for each group as shown 
in Table 1. The groups consisted of Group A (n = 10), 3.5-mm-height titanium base 
with no surface treatment (T1–T5/C1–C5 and T11–T15/C11–C15); Group B (n = 
5), 3.5-mm-height titanium base with surface treatment (T1–T5/ C1–C5 after 
performing Group A); Group C (n = 5), 3.5-mm-height titanium base with no surface 
treatment with fatigue test (T6–T10/C6–C10); Group D (n = 5), 3.5-mm-height 
titanium base with surface treatment and fatigue test (T11–15/C11–15 after Group 
A); Group E (n = 10), 5.5-mm-height titanium base with no surface treatment (T16–
T20/C16–C20 and T26–T30/C26–C30); Group F (n = 5), 5.5-mm-height titanium 
base with surface treatment (T16–T20/C16–C20 after Group E); Group G (n = 5), 
5.5-mm-height titanium base with no surface treatment with fatigue test (T21–25 
and C21–25); and Group H (n = 5), 5.5-mm-height titanium base with surface 
treatment and fatigue test (T26–T30/C26–C30 after Group E). 
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Table 1 Study Design and Specimen Allocation for Each Group 
 
 
2.2.2 Surface treatment/fixation of the specimen 
 
The titanium base was screwed into an RC implant analog (lot ML706, 
Straumann USA LLC, Andover, MA, USA) and the screw was torqued using a 
torque control ratchet (Straumann USA LLC, Andover, MA, USA) with 35 N cm. 
The screw access hole of the titanium base was sealed with 
polytetrafluoroethylene (PTFE) thread sealant tape to prevent the screw head 
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from being contaminated during crown placement. The exteriors of the titanium 
bases of the surface treatment group (Groups B, D, F, and H) were using a 
sandblaster (Basic master, Renfert USA Inc., St. Charles, IL, USA) for 5 s on 
each of the four surfaces with 50 μm alumina particles (Cobra 50 μm/270 mesh, 
Renfert USA Inc., St. Charles, IL, USA) at a pressure of 40 psi from a distance of 
15 mm perpendicularly. After air-abrasion the implants were ultrasonically 
cleaned with distilled water for 15 minutes. SEM image in Figure 6 shows the 
surface was roughened and almost free of alumina particles. The intaglio 
surfaces of all Y-TZP zirconia crowns were air abraded with 50 μm alumina oxide 
and cleaned ultrasonically as the same followed by application of primer which 
contains silane coupling agent and 10-methacryloyloxydecyl dihydrogen 
phosphate (MDP) adhesive primer (lot 1J0012Clearfil Ceramic Primer Plus, 
Kuraray America Inc., New York, NY, USA) prior to cementation. (shown in 
Figure 7). 
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Figure 5 Procedures of titanium base surface treatment 
 
 
 
Figure 6 SEM image of titanium base after surface treatment  
 
Particle abraded titanium base 30x Particle abraded titanium base 500x 
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Figure 7 Application of Saline and 10-MDP contained primer on zirconia crown 
2.2.3 Cementation 
The zirconia crowns were cemented to the titanium-based abutments using a 
dual-cure resin cement (Panavia V5, lot 220006, Kuraray America Inc., New 
York, NY, USA) according to the manufacturer’s instruction. After the zirconia 
crowns were seated in the titanium base, excess cement was removed with a 
microbrush and the margin was light-cured for 5 s on each of the crown’s four 
sides for a total of 20 s with an LED curing light (Smart Light iQ, Densply Sirona, 
York, PA, USA). The spectra wavelength ranged from 430 to 475 nm and light 
intensity is 450 mW/cm2. After photo-polymerization, all crowns were seated with 
a constant load of 2 newtons applied using a fixation device for 15 minutes. The 
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specimens were then stored in a 37°C incubator with 100% humidity for 24 
hours. 
 
 
Figure 8 Cementation with dual-cure cement a: Titanium base ready for 
cementation. b: Cement application. c: a crown placed on the titanium base.      
d: Polymerization of the margins under consistent pressure. 
 
 
2.2.4 Fatigue test 	
After cementation, specimens in groups C, D, G, and H were subjected to cyclic 
loading fatigue. The specimens were mounted in a customized aluminum jig and 
secured by a set screw, as shown in Fig 9. Simulated material fatigue was 
performed under a compressive load of 1,800 N along the axis of the abutment 
and crown with an applied force of 1,800 N (80 psi) for 100,000 cycles at a 
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frequency of 1 Hz using a pneumatic cyclic loading machine (Pober Industries 
Co., Waban, MA, shown in Fig. 10). The fixtures holding the samples were filled 
with distilled water to create a wet environment during fatigue test. 
 
 
Figure 9 Specimens are located in the aluminum jig for fatigue test 
 
 
 
 
Figure 10 Specimens are mounted and prepared for the cyclic loading machine. 
The picture on the right shows a specimen oriented in a jig. 
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2.2.5 Pull-out test 
 
All specimens were subjected to a pull-out tensile test using a universal testing 
machine (Instron 5566A, Instron, Norwood, MA, USA). The implant analogs were 
secured in the machine. A customized pull-out jig shown in Figure 11 was used 
to hold the zirconia crown. Testing was performed with a crosshead speed of 1 
mm per minute. The load and displacement were acquired by Bluehill 3 software 
until complete separation. Maximum retention force was recorded as the 
retention force between crown and abutment. 
 
 
Figure 11 Pull-out test fixture with testing implant abutment and crown 
2.2.6 Data analysis 
 
The data were analyzed in JMP Pro 13.0.0. A one-way ANOVA (α = 0.05) was 
used to test whether there was a difference among the groups. Tukey HSD post-
hoc analysis was used for multiple comparison testing. 
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Chapter 3: Results 
The mean and standard deviation for for pull-out retention in Newtons (N) is 
shown in Table 2. 
Table 2 Mean and Standard deviation for Pull-Out Retention. (Non-APA: 
non-air-borne particle abrasion, APA: air-borne particle abraded) 
 
 
3.1 Analysis of variance 
One-way ANOVA showed that air-borne particle abraded groups showed 
significantly greater retention than control groups (P < 0.001). There was no 
significant difference by fatigue and implant type. 
 
  
Titanium 
base Group Treatment Cyclic Load n Mean Std Dev CV 
3.5mm 
A 
Non-APA 
Static 10 288.60 97.50 33.78 
B Fatigue 5 198.71 82.94 41.74 
C 
APA 
Static 5 537.61 80.13 14.90 
D Fatigue 5 600.11 27.23 4.54 
5.5mm 
E 
Non-APA 
Static 10 240.68 54.33 22.57 
F Fatigue 5 270.92 16.43 6.07 
G 
APA 
Static 5 707.03 32.30 4.57 
H Fatigue 5 831.19 55.50 6.68 
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3.2 Tukey HSD post-hoc analysis 		
 
 
Figure 12 Tukey HSD post hoc analysis for multiple comparison testing mean 
retention force (Newtons) by surface treatment, fatigue and abutment type. 
Levels not connected by the same letter are significantly different. (Non-SB: non-
air-borne particle abrasion, SB: air-borne particle abraded.) 
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According to the Tukey test for multiple comparison, there was a significant 
difference between the two implant types (P < 0.0001), which was different from 
one-way ANOVA. This is shown in Figure 13. Although the retention force for 
sandblast treated groups showed statistically significant differences among 
implant type, there was no significant difference for the non-sandblasted group 
affected by implant type (Figures 13 and 14 and Table 3). Under non fatigued 
conditions, there was no significant difference between 3.5 and 5.5 mm, although 
5.5 mm implants showed a significantly higher retention force in the fatigue 
group. 
 
Table 3 LS Mean Differences by Implant Type 	
Level Sig.* Least square mean 
3.5 B  512.455 
5.5  A 406.260 
*Levels not connected by same 
letter are significantly different 
		 21	
 
 	
Figure 13 Tukey test of pull-out retention force of 3.5-mm titanium base with 
different treatments. Groups not connected by the same letter are significantly 
different. (Non-SB: non-particle abrasion, SB: particle abraded) 
 
Figure 14 Tukey test result of pull-out retention force of 5.5-mm titanium base 
with different treatments. Groups not connected by the same letter are 
significantly different. (Non-SB: non-particle abrasion, SB: air-borne particle 
abraded) 
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One-way ANOVA and the Tukey test resulted in no significant difference 
between static and fatigue (P < 0.1141). By the Tukey test, 3.5 mm and 5.5 mm 
implants in the sandblasted group recorded statistically significant higher 
retention after the fatigue test (Figures 15 and 16, and Table 4). 
 
Table 4 LS Means Differences by Fatigue 
Level Sig.* Least square mean 
Static A 443.480 
Fatigue A 475.235 
*Levels not connected by same letter 
are significantly different 
 
 
Table 5 LS Means Differences by Treatment (Non-APA: non-air-borne particle 
abrasion, APA: air-borne particle abraded) 	
Level Sig.* Least square mean 
Non-APA B  249.729 
APA  A 668.986 
*Levels not connected by same letter 
are significantly different 
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Figure 15 Tukey test result of static group pull-out retention force. Groups not 
connected by the same letter are significantly different. (NSB: non-air-borne 
particle abrasion, SB: air-borne particle abraded) 
 
 
Figure 16 Tukey test result of fatigue group pull-out retention force. Groups not 
connected by the same letter are significantly different. (NSB: non air-borne 
particle abrasion, SB: air-borne particle abraded) 
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From all the analysis tests including one-way ANOVA and the Tukey test, a 
significantly higher retention force was recorded for the sandblasted group under 
all conditions (P < 0.0001). (Figures 17 and 18, and Table 5). 
 
Figure 17 Tukey test result of non-particle abrasion group mean pull-out retention 
force. Groups not connected by the same letter are significantly different. 
 
 
Figure 18 Tukey test result of particle abrasion group mean pull-out retention. 
Groups not connected by same letter are significantly different.  
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3.4 Fracture pattern 
The fracture pattern was predominantly adhesive failure. Resin residues were 
found on both the zirconia crown and titanium surfaces. The amount of cement 
remaining on the titanium implant bases were higher in groups that received 
sandblast treatment than that of non-air abraded group (shown in Figure 20 and 
21). 
 
                       Non-particle abrasion                           Particle abraded  
Figure 19 Cement remnants on 3.5 mm titanium implant base after pull-out 
retention test. 
 
 
                       Non-particle abrasion                           Particle abraded 
Figure 20 Cement remnants on 5.5 mm titanium implant base after pull-out 
retention test. 
3.5mm 3.5mm 
5.5mm 5.5mm 
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3.5 SEM and EDS analysis 
Selected 3.5 mm titanium base specimens were subjected to Scanning Electron 
Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) for surface 
topography and microstructural analysis. 
3.5.1 SEM images of non-particle abrasion static titanium base. 	
The fracture pattern was predominantly adhesive. Resin residues were found on 
both the zirconia crown and titanium surfaces. The amounts of cement remaining 
in the titanium implant bases were high in groups that received air-borne particle 
abrasion. 
	
Figure 21 SEM image of non-particle abraded 3.5mm titanium base Static 30x 
The fracture pattern was predominantly adhesive. Resin residues were found 
mainly on the base of titanium bases.  
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3.5.2 SEM images of air-borne particle abrasion static titanium base 
 
 
 
 
 
 
Figure 22 SEM image of 3.5 mm static titanium base at 20×: as compared to the 
non-particle abraded group, there is a larger area of cement remnant on the 
titanium surface indicated by the black arrows. 
 
1	 2	
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Figure 23 Area 1 of Figure 22: SEM image of 3.5 mm particle abraded static 
titanium base at 100×. 
 
 
 
Figure 24 SEM image of 3.5 mm particle abraded static titanium base at 500×: 
indicated titanium base surface and cement by EDS (Figure 28). 
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Figure 25 SEM image of area 2 in Figure 22, 3.5 mm particle abraded static 
titanium base at 100×, indicated titanium base surface and crack line of cement. 
Indicated by EDS (Figure 27). 
 
 
 
Figure 26 SEM image of area 1 in Figure 22: 3.5 mm particle abraded static 
titanium base at 500×. 
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3.5.3 EDS air-borne particle abrasion static titanium base 
 
 
 
Figure 27 EDS of Figure 26: spectrum 707 and 708 indicate dual-cure resin 
cement remnant confirmed by carbon and oxide percentage by weight (wt%). 
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Figure 28 EDS of Figure 24: spectrum 703 shows thin layer of cement, and 
spectrum 704 shows titanium surface. Confirmed with EDS, wt% carbon, oxide, 
titanium, and aluminum. 
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3.5.4 SEM images of non-particle abrasion fatigue titanium base 
 
 
 
Figure 29 SEM image of 3.5 mm non-particle abraded and fatigued titanium base 
at 20×: Most of the cement remnant on the base of the titanium abutment and 
confirmed with EDS in Figure 34. 
 
 
Figure 30 SEM image of fatigued 3.5 mm non-particle abraded and fatigued 
titanium base at 100×: Cement can also be observed on the edge and confirmed 
with EDS in Figure 33. 
 
a	
b	
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Figure 31 SEM image of the area a in Figure 29: 3.5-mm non-particle abraded 
titanium base at 500×. 
 
 
Figure 32 Higher magnification SEM image in the area a of Figure 29. 3.5 mm 
non-particle abraded titanium base at 1000×. 
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3.5.5 EDS non-particle abrasion fatigue titanium base 
 
 
 
 
Figure 33 EDS of Figure 31: non-particle abrasion and fatigued. Spectrum 680 
shows titanium base and 681 cement remnant. Confirmed with wt% titanium, 
carbon, and oxide. 
		 35	
 
 
Figure 34. EDS of Figure 29: particle abraded and fatigued titanium base. 
Spectrum 698 shows titanium base surface. Spectrum 699 shows cement 
remnant. Confirmed with wt% aluminum, titanium oxide, and carbon.   
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3.5.6 SEM images of air-borne particle abrasion fatigue titanium base  	
 
Figure 35 SEM image of particle abraded and fatigued titanium base at 20×. 
Cement remnants remain on the bottom of the titanium and concavity of the 
base. 
 
 
Figure 36 SEM image of particle abraded and fatigued titanium base at 100×. 
Cement remnants remain on the bottom of the titanium and concavity of the 
base. Confirmed with EDS Figure 41.  
b	
a	
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Figure 37 SEM image of particle abraded titanium base fatigued at 1000×. 
Cement remnant confirmed with EDS Figure 41. 
 
 
 
Figure 38 SEM image of area b of Figure 35: particle abraded and fatigued 
titanium base at 100×. 
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Figure 39 SEM image of Figure 35 area b: particle abraded and fatigued titanium 
base at 500×. Cement remnant and titanium base. Confirmed with EDS (Figure 
42). 
 
 
Figure 40 SEM image of Figure 36 area b: particle abraded and fatigued at 
1000×. Cement remnant and titanium base. Confirmed with EDS Figure 42. 
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3.5.7 EDS air-borne particle abrasion fatigue titanium base 
 
 
 
 
Figure 41 EDS of Figure 37 particle abraded and fatigued. Spectra 696 and 697 
both show cement remnant confirmed with EDS, wt% carbon, and oxide. 
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Figure 42 EDS of Figure 40 particle abraded fatigued titanium base. Spectrum 
702 shows cement remnant confirmed with EDS, wt% carbon, and oxide. 
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3.5.8 Titanium base SEM images and EDS 
 
 
Figure 43 SEM image of the machined titanium base before treatment, 20×. 
 
Figure 44 SEM image of the machined titanium base, 500×. 
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Figure 45 EDS of the machined titanium base shown in Figure 44 
 
Spectrum 777 in Figure 45 shows the machined surface of the titanium base 
before cementation and the pull-out test. The EDS report shows the titanium 
percentage by weight is 82.73%, niobium is 7.11%, aluminum is 6.39%, and 
carbon is 3.78%. The Ti/Nb, Ti/C, and Ti/Al weight ratios are 11.64, 21.89, and 
12.95, respectively. The trace amount of carbon could be from contamination on 
the specimen surface or electron microscope. 
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Figure 46 EDS of air-borne particle abraded and cleaned titanium base. 
Specimen 519 shows an alumina particle embedded in titanium. Specimen 520 
shows particle abraded titanium surface. 
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Figure 46 shows the EDS analysis of the air-borne particle abraded surface of 
the titanium base. Spectrum 519 shows alumina particle embedded in the 
titanium base. Spectrum 520 is the titanium base surface, for which the weight 
ratios of Ti/Nb = 12.13, Ti/C = 26.06, and Ti/Al = 11.02 are similar to the 
machined titanium base. 
 
3.5.9 Titanium base projected surface profiles 
 
 
Figure 47 Surface 3D topographic analysis results of machined titanium base 
surface, Sa (Arithmetic mean height) 0.117 um, Ra (Profile roughness) 0.115 um. 
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Figure 48 Surface 3D topographic analysis of air-borne particle abraded titanium 
base. Sa 0.883 um, Ra 1.060 um. 
 
Surface topography analysis reveals roughened titanium surface morphology for 
air-borne particle abraded titanium base. Profile roughness (Ra) is nine times 
larger and arithmetic mean height (Sa) is eight times larger in the particle 
abraded titanium base surface shown in Figures 47 and 48. 
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3.5.10 Panavia V5 EDS 
 
 
 
Figure 49 EDS of a self-cure resin cement. Spectrum 710 shows high oxygen 
and silica wt%. 
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Chapter 4: Discussion 
 
The results showed 5.5 mm implant titanium base has greater retention than 3.5 
mm titanium base. Analyzing further by treatment with the Tukey HSD test, the 
air-borne particle abraded group shows significantly higher retention, whereas 
the non-particle abraded group did not show a significant difference in retention 
with the height of titanium abutment. This result may attribute to the geometry of 
the titanium base. The area of unique geometry with four cams of the titanium 
base is identical in both 3.5 mm and 5.5 mm height of abutments as shown in 
Figures 3 and 4. The only difference between these two types is the 2.0 mm of 
extension of the taller titanium base. Because of this smooth geometry of the 
chimney, this area affected less on the zirconia crown retention. The 5.5 mm 
height, particle abraded group showed significantly higher retention than the 
particle abraded 3.5 mm height group. Particle abrasion of the area of the 
extended chimney could have a significant effect on increasing surface area, as 
a result, the retention was significantly improved. 
The result of this study demonstrated that cyclic fatigue did not affect the 
retention of non-particle abraded groups. The 5.5 mm titanium base height group 
which performed air-borne particle abrasion showed significantly higher retention 
than the static groups. The former result by a study (Elsayed, Wille, Al-Akhali, & 
Kern, 2017) found that zirconia with a titanium-based abutment cemented with a 
dual-cure resin cement withstood mean loading forces up to 944 N without 
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fracture under a force of 49 Newton and 1,200,000 cycles. The authors 
concluded that airborne-particle abraded zirconia coping bonded to a titanium 
base possesses strong durability even after fatigue loading. 
One study concluded that resin cement showed the highest retention strength 
after compressive loading (Alvarez-Arenal et al., 2016). The fatigue loading 
parameter used in this study was 1,800 N with 100,000 cycles. The loading value 
was led by 30% of the failure load of zirconia crowns, as concluded by previous 
research (de Kok, Kleverlaan, de Jager, Kuijs, & Feilzer, 2015). It is difficult to 
evaluate the appropriate loading value because there is no universal consensus 
as to how much load is appropriate. Analogous to the results of this study, a 
meta-analysis concluded that cyclic fatigue did not affect the fracture resistance, 
but anatomic superstructure geometry induces different fracture behaviors 
(Coray, Zeltner, & Özcan, 2016).  
The crown superstructure shape in this study was determined to have a 
rectangular cervical design for a customized holding jig for the pull-out test. 
Clinically, the neck of the crown and a titanium base favor a narrow and thin 
progression for ideal anatomical emergence profile and morphology, thus 
creating a favorable soft-tissue profile. This would be the reason no zirconia 
crown fracture occurred. 
The storage time might have influenced the increase in mean retention (shown in 
Figure 12 and Table 2). The pull-out tests of the static test group were performed 
after 24 hours of cementation; however, the fatigue groups’ pull-out test were 
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performed 51 hours after cementation. One study showed that water storage 
resulted in a significant increase of the retention in the particle abraded groups, 
up to 150 days (Ebert et al., 2007). This might be related to post-polymerization 
effects of water storage, such as stress relaxation, plasticization of the resin 
matrix, and hydroscopic expansion of the composite resin due to water uptake 
(Indrani, Cook, Televantos, Tyas, & Harcourt, 1995). Interestingly, Group H, 
which was the particle abraded and fatigued 5.5 mm height abutment group, had 
a significantly higher retention force than the 5.5 mm air-particle abraded static 
group. This result may indicate that reliable retention could be achieved with a 
5.5 mm titanium abutment height in combination with air-borne particle abrasion 
for both a titanium base and zirconia adhesion surface.  
The results of the present study showed that abutments subjected to particle 
abrasion produced significantly increased retention to zirconia crowns bonded to 
titanium abutments, which are not currently advised by the manufacturer. The 
particle abrasion creates surface roughness, cleans the substrates from the 
surface, and increases the mechanical or chemical bond strength between the 
metal and zirconia and composite material (Koizuka et al., 2013). Several studies 
have concluded that airborne-particle abrasion leads to a more statistically 
significant increase in retention between titanium abutment and zirconia (Ebert et 
al., 2007; von Maltzahn et al., 2016). Among the types of surface treatment 
methods available for the titanium adhesive surface to improve the retention 
between titanium abutments and restorations, 50 um aluminum particle abrasion 
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has proved the most effective (Kurt et al., 2013). The factors contributing to the 
amount of retention of cement-retained restoration, whether on natural teeth or 
implant abutments, include the type of cement, geometry, surface area, height, 
and surface roughness of the abutments (Covey, Kent, St. Germain, & Koka, 
2000; Michalakis, Hirayama, & Garefis, 2003a). Surface roughness and luting 
agents are the factors a clinician can control. 
The selected luting agent was dual-cure resin cement. Previous reports indicate 
resin cements showed the highest retention between titanium bases and zirconia 
(Gehrke et al., 2014; Nejatidanesh et al., 2013). The comparison of the surface 
roughness with the surface profilers was shown in Figures 47 and 48. A rougher 
titanium abutment surface can be observed with larger values of 3D Sa 
(arithmetic mean height) and 2D Ra (profile roughness) on the air-borne particle 
abraded titanium base.  
 An adhesive primer, which is composed of 3-methacryloxyproplyl 
trimethoxysilane and 10-MDP was used only on the zirconia adhesive surface. 
Application of ceramic primer is advised by the manufacture for surface 
treatments of metal oxide ceramics. Application of a 10-MDP primer on the 
adhesion surface of the titanium abutment was not performed in this study; 
however, results from an investigation (von Maltzahn et al., 2016) showed the 
highest retention forces were led by application of 10-MDP primer (Clearfil 
Ceramic Primer) on both the titanium bases and zirconia copings after particle 
abrasion on both components. The residual cement on the non-particle abraded 
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group was mainly on the zirconia crown side (Figures 19 and 20). After particle 
abrasion of the titanium surface, more cement residue remained on the body of 
the titanium base, which was also confirmed by SEM and EDS analysis (Figures 
22, 27, and 28). The fracture pattern and residue cement change in relation to 
the preconditioning primer, different type of luting agent and fatigue loading 
protocol could be explored in future research. 
 
 
 
		 52	
Chapter 5: Conclusion 
 
 Within the limitations of this study, the following conclusions can be drawn: 
1. Titanium abutments subjected to air-borne particle abrasion produced 
significantly increased retention with zirconia crowns. 
2. The 5.5 mm titanium implant bases had greater retention than the 3.5 mm 
height bases in groups with air-borne particle abrasion. 
3. No significant loss of retention was observed after cyclic fatigue between 
the titanium abutment and zirconia crown. 
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